Synthesis of Cs4SnBr6
CsBr and SnBr2 were mixed in a 4.5:1 molar ratio, mortared, and pressed together into a pellet (> 5 tons of pressure, 12 mm die). The pellet was then sealed under vacuum (10 -2 -10 -3 mbar) in a Pyrex tube and heated to 350 C for 60 hours. The tube was opened in the glovebox, and the above process was repeated once more. The previously reported pseudo-binary phase diagram shows that Cs4SnBr6 undergoes a peritectic decomposition when heated above 380C. Accordingly, cooling a melt with this composition, the resulting product consists of a mixture of CsBr, CsSnBr3, and Cs4SnBr6. Therefore, a phase pure synthesis of Cs4SnBr6 can only be achieved by annealing a solid mixture of CsBr and SnBr2.
1.3 Synthesis of mixed cation and mixed anion Cs4-xAxSn(Br1-yIy)6 (A = Rb, K; x ≤ 1, y ≤ 1)
The synthesis of mixed cation, mixed anion, or mixed cation and anion phases was conducted using the same general procedure as above. For A-site substitution: CsBr was replaced with RbBr or KBr. The total, molar quantity of Cs, Rb, and K was at least 4.5x that of Sn. For X-site substitution: iodide was introduced into the system by exchanging CsBr for CsI. In the case of Cs4SnI6, SnBr2 was replaced with SnI2. Briefly, mortared samples were pressed at pressures >5 tons in an Ar-filled glovebox, sealed in evacuated Pyrex tubes, and heated to 350 C. This was repeated at least twice until a visually off-white material was obtained after grinding. Further heating is possible, but not necessary after this point. Single crystals were grown by subjecting a previously prepared sample of Cs4SnBr6 to additional heating cycles. The length of each heating cycle was extended to 100 hrs. Through this approach small crystals, 20-40 microns in size, were successfully grown.
Absorption, photoluminescence, and photoluminescence excitation spectra
The diffuse reflectance spectra of the microcrystalline powders were collected using a Jasco V670 spectrophotometer equipped with an integrating sphere (ILN-725). The absorption spectra were then calculated using a Kubelka-Munk transformation. The spectrophotometer has two lamps: a deuterium (D2) lamp (190-350nm), and a halogen lamp (330-2700 nm). In a routine measurement, powder samples were kept between two quartz slides and the spectra were measured from 250-800 nm with the lamp change occurring at 330 nm.
Photoluminescence and photoluminescence excitation spectra were measured using a Fluorolog iHR 320 Horiba Jobin Yvon spectrofluorometer equipped with a Xe lamp and a photomultiplier tube. Samples were measured while held between quartz slides. Variable temperature spectra were measured in a Joule-Thomson cryostat (MMR Technologies) operated in the temperature range of 78-300 K. PL emission could be recorded with a heating rate of approximately 5 K/min. Absolute values of photoluminescence quantum yield (PLQY) were measured at Quantaurus-QY spectrometer from Hamamatsu in powder mode.
Time-resolved photoluminescence
Time-resolved photoluminescence (TRPL) traces were recorded with a 355 nm excitation source (a frequency-tripled, picosecond Nd:YAG laser, Duetto from Time-Bandwidth). Scattered laser emission was filtered out using dielectric long-pass filters with edges at 400 nm. Measurements were performed using a time-correlated single photon counting (TCSPC) setup, equipped with a SPC-130-EM counting module (Becker & Hickl GmbH) and an IDQ-ID-100-20-ULN avalanche photodiode (Quantique) for recording the decay traces. The average radiative lifetimes were determined as
) where Ai and τi are the corresponding amplitudes and exponential decay parameters in a bi-exponential analysis.
Low-temperature photoluminescence
Temperature-dependent PL spectra were obtained by exciting the sample with a 355 nm pulsed laser. The sample was mounted in a helium exchange cryostat and the PL was analyzed by a 0.5m monochromator coupled to a nitrogen-cooled CCD camera.
Powder diffraction and single crystal diffraction
Powder diffraction patterns were collected on a STADI P diffractometer (STOE & Cie GmbH, Darmstadt, Germany) in transmission mode (Debye-Scherrer geometry). The diffractometer is equipped with a silicon strip MYTHEN 1K detector (Fa. DECTRIS) and a curved Ge (111)-monochromator (CuKα1, λ=1.54056 Å).
Single-crystal X-ray diffraction measurements were conducted on an XtraLAB Synergy, Dualflex, Pilatus 300K diffractometer equipped with a PhotonJet (Cu) X-ray source (CuKα, λ=1.54184 Å; micro-focus sealed X-ray tube) and mirror monochromator. Crystals were tipmounted on a micromount with paraffin oil. Absorption correction performed with Multi-scan CrysAlis PRO 1.171.39.31d (Rigaku Oxford Diffraction, 2017). Empirical absorption correction using spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm. Data was processed and refined with CrysAlis PRO 1.171.39.31d (Rigaku OD, 2017), SHELXS, [1] XL, [1] and Olex2.
[2]
Scanning electron microscopy and energy-dispersive X-ray spectroscopy
Scanning electron microscopy (SEM) of the as-obtained sample was done on a Quanta 200F microscope (Thermo Fisher Scientific) operated at an acceleration voltage Vacc = 20 kV. Energy-dispersive X-ray spectroscopy (EDS) was performed with an Octane SDD detector (EDAX, Ametec) attached to the microscope column. For spectra recording and quantification (ZAF correction), the software Gemini (EDAX) was used.
RESULTS AND DISCUSSION

Structural and optical characterization
When measuring the powder pattern of polycrystalline samples obtained with shorter tempering time, no other phases except Cs4SnBr6 and CsBr were observed (when ratios of CsBr:SnBr2 ≥ 4.5:1 are used). The powder pattern was measured at room temperature and refined using the General Structure Analysis System (GSAS) with EXPGUI and GSASII. [3] Weight fractions of 92.5% and 7.5% were found for Cs4SnBr6 and CsBr, respectively (reflections arising from CsBr are indicated by blue asterisks; Fig. S1 , 2). Figure S1 . Experimental and calculated powder patterns of Cs4SnBr6. The experimental powder pattern collected from Cs4SnBr6 demonstrates that a typical reaction produces a majority of Cs4SnBr6 with a side product of CsBr (denoted by blue asterisks). This is expected given the slight excess of CsBr used in the initial reaction mixture. The Cs4SnBr6 diffraction pattern was calculated in Vesta3 using the experimentally determined structure of Cs4SnBr6. The lattice parameters were determined to be larger than those previously reported [4] with a = b = 13.6687(3) and c = 17.2597(5) at 273 K but in close agreement with recent computational predictions. [5] S8 [a] Ueq is defined as 1/3 of the trace of the orthogonalised UIJ tensor. [a] Ueq is defined as 1/3 of the trace of the orthogonalised UIJ tensor. [a] Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. (1) is found between the columns formed by [SnBr6] 4-octahedra and Cs(2). It is in an eight-coordinate position with Cs-Br bond lengths ranging from 3.6774 (7) Å to 3.8020 (7) Å. The tail observed at longer wavelengths is expanded and a shoulder at 670 nm is observed. This shoulder likely results from an impurity of CsSnBr3 that, although too small (in amount and in size) to be measurable by XRD, slightly discolours the otherwise white powder giving it an off-white appearance. This is plotted in comparison to bulk and nano-crystalline CsSnBr3. The colloidal nanocrystals of CsSnBr3, plotted in red, are reported as being 10.7 nm ± 6.4 nm in diameter and these exhibit the most blue absorption edge in agreement with their size (data taken from Ref. [6] ) Furthermore, films prepared from CsSnBr3 nanocubes also have absorption edges that are blueshifted from that of bulk CsSnBr3 and near to that of colloidal CsSnBr3 NCs (data taken from Ref. [7] ). Given this optical data, the tail and shoulder observed in the absorption spectrum of Cs4SnBr6 are ascribed to CsSnBr3. 0.05804 (7) 0.0607 (4)* 0.52428 Figure S13 . Room temperature PL spectra of samples measured at Low T. PL and PLE spectra of the four samples that were used for temperature dependent PL measurements down to 6 K. These spectra were measured at room temperature.
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Figure S15. Temperature dependence of PL intensity and temperature dependent excitation spectra. (a) The integrated PL intensity of Cs4SnBr6 plotted against temperature indicates that there are two regimes present: region 1 and region 2. Region 1 involves a PL increase, and is related to an increasing QY since any decrease in absorption in Region 1 is still met with an increase in the PL intensity. Region 2, however, demonstrates a loss of PL with decreasing temperature. This loss is explained by (b) PLE measured at 78 K. As the temperature decreases, it is observed that the excitation peak narrows and that the peak position slightly blue shifts. These two effects inhibit the material from being efficiently excited with a 355 nm laser. The slight blue shift in the PLE can be explained by the lattice contraction observed in Table S3 . Furthermore, the average Sn-Br distance decreases from 2.9939 (7) Å to 2.9854 (6) Å when cooled from 273 K to 100 K. The LUMO in excited state comprises exclusively Sn-5p and Br-4p orbitals from distorted SnBr6 octahedron As discussed, the contribution of A-site cation to the band edge is negligible (black and orange). HOMO is comprised of Sn s-orbitals and Br p-orbitals, whereas Sn-p orbitals and Br p-orbitals contribute to the LUMO. As a general trend, the axial Sn-Br bond is elongated depending on the cation, whereas equatorial bond decreases to the same value regardless the composition. The relative change in Sn-Br bond distance is much smaller than for different compositions. The calculations were performed with lattice parameters fixed at experimental values and relaxing only atomic positions.
